The extent and cause of male-biased mutation rates, the higher number of mutations in sperm than in eggs, is currently an active and controversial subject. Recent evidence indicates that this male (sperm) bias not only occurs in animals but also in plants. The higher mutation rate in plant sperm was inferred from rates of evolution of neutral DNA regions, and the results were confined to the mitochondria and chloroplasts of gymnosperms. However, the relative transmission rates of deleterious mutations, which have substantial evolutionary consequences, have rarely been studied. Here, an investigation is described by using the hermaphroditic self-compatible flowering plant Arabidopsis thaliana, in which we artificially increased the rate of mutation in pollen (i.e., sperm donor) and maternal (i.e., egg donor) parents, by using two kinds of UV irradiation in parallel and separate experiments, and assessed the deleterious effects on fitness of the F2 generation. The results show that more deleterious induced mutations are transmitted to the progeny by a sperm than by an egg. These findings provide the first experimental evidence that more deleterious mutations are inherited from sperm than from an egg in any organism. Possible causes underlying this male bias are discussed.
O ne approach to estimating sex-specific mutation rates is to compare the evolutionary substitution rate of selectively neutral DNA, which equals the mutation rate (1), in male-and female-inherited DNA. By using this approach, male-biased mutation rates have been suggested to exist in humans and higher primates (2-10), birds (11, 12) , rodents (13) , and sheep (14) , and more recently, in gymnosperms (15) . Few studies, outside of human diseases (16) , however, have examined whether more deleterious mutations (nonneutral) are inherited from a sperm than from an egg. This is remarkable because deleterious mutations play a fundamental role in many evolutionary theories and have been the focus of much research (e.g., refs. 17 and 18) . The absence of scientific information about this topic may be due to the difficulty in developing experimental methods that can distinguish between male and female mutations and the poor suitability of DNA sequence data for such analysis because of lack of knowledge about the direction (i.e., positive, negative or neutral) and magnitude of selective effects. Other, more direct approaches, therefore need to be developed. We describe here an experimental approach to testing the hypothesis that the sperm transmit more induced deleterious mutations to the progeny than the eggs in Arabidopsis thaliana.
External mutagenic agents such as UV-irradiation are an effective tool to compare the level of deleterious mutations transmitted to the progeny by a sperm and an egg. UV-B and UV-C lead to DNA damage that includes the formation of pyrimidine dimers and 6,4 photoproducts (19) , which change the binding properties between DNA strands and can lead to mutational clusters or ''hotspots'' on DNA replication (20) (21) (22) (23) (24) . In addition, UV-B and UV-C can increase the production of free radicals, leading to DNA strand breaks and the formation of mutations by the misincorporation of nucleotides on strandbreak repair (19, 20) . These mutations can be transmitted by a sperm or an egg and have a deleterious effect on the fitness of progeny (25) . It is therefore possible to evaluate the relative number of deleterious mutations that are transmitted by a sperm and an egg by assessing the fitness of offspring produced by UV-treated pollen parents (i.e., sperm donors) and UV-treated maternal parents (i.e., egg donors).
In the present investigation, we compare the fitness of two generations of progeny produced from UV-B-and UV-Ctreated pollen and maternal parents in A. thaliana. Parent plants were exposed during either the vegetative stage, reproductive stage, or both, and mature pollen was also exposed. The analysis consisted of two main components (Fig. 1) . First, we conducted a preliminary analysis to confirm that the doses of UV applied induced a sufficient level of mutations to have a detectable effect on the fitness of progeny. Subsequently, we performed manual crosses and compared the fitness of the F 2 generation produced from UV-treated pollen and maternal parents and from UVtreated mature pollen. The F 2 generation was used for all comparisons for two main reasons. Firstly, the homozygous mutant genotype was more frequent in the F 2 than the F 1 generation, thereby making fitness effects more evident. Secondly, and more importantly, fitness differences in the F 2 generation can almost entirely be attributed to deleterious mutations, unlike in the F 1 generation, which may be affected by physiological effects of UV on the quality of seed produced by the parental generation.
Materials and Methods
Genetically identical A. thaliana seeds produced from the selfpollination of a single plant were used as the parental generation in both the UV-C and UV-B experiments (catalog no. cs907, Arabidopsis Biological Resource Center, Columbus, OH). All plants were maintained in 2-cm-deep pots placed in trays measuring 25 cm ϫ 40 cm in Schultz Cactus Mix. Fertilization was provided in deionized water by using Schultz General Nutrient Solution (seven drops per liter) approximately every three to four days. Plants were always watered from below by covering the bottom of trays and were well spaced to prevent shading.
for a particular biological process remains largely uncertain, it is important to weight irradiance by each function that could be relevant. We therefore calculated the biologically active radiation by weighting the spectral irradiance by both a plant action spectrum (27, 28) and a DNA damage spectrum (29) . The UV-B treatments consisted of a dose of 10.1 KJ͞m 2 ͞day according to the plant action spectrum (28) applied over 18 h, followed by a 6-h period of darkness, and a subsequent treatment of 4.5 KJ͞m 2 over 8 h. This was the maximum dose that could be applied without affecting plant survival. These values were 3.7 and 1.7 KJ͞m 2 ͞day, respectively, according to the DNA damage spectrum (29) . Photosynthetically active radiation was measured with a quantum sensor (Apogee Instruments, Model QMSW-SS) and was 54 mol͞m 2 ͞s during the light cycle. The spectroradiometer and the quantum sensor were placed at 10.5-cm intervals along the bench, and mean values for the room were determined.
All plants other than the parental UV-B generation were grown for 18 h of light per day at 25°C under high-pressure sodium Superbulbs (P.L. Lighting Systems, Ontario, Canada) suspended Ϸ1.8 m above the trays at 1.2-m intervals. For the UV-C treatment, plants were irradiated with 1,000 J͞m 2 at 254 nm for 30 s by using a Minerallight-Lamp R-52 (UV-Products, San Gabriel, CA) held 3 cm above the rosette for all treatments except the pollen treatment, where it was held 3 cm from the pollen-producing flower. Average photosynthetically active radiation during the light cycle was 120 mol͞m 2 ͞s.
Experimental Design. The same design was used in the separate UV-B and UV-C experiments (Fig. 1 ). This consisted of two main components. First, a preliminary analysis was conducted to assess the fitness of progeny produced following autonomous self-pollination of individuals treated with UV during the vegetative and͞or reproductive stage. Second, a series of manual crosses was conducted to evaluate the fitness of progeny produced by pollen parents (sperm donor) and maternal parents (egg donor) that were UV-treated during the vegetative or reproductive stage. Fitness of progeny produced by UV-treated mature pollen was also assessed. The vegetative treatment was applied 25 days after germination at the rosette stage, and the reproductive treatment was applied on day 32, near the initiation of bolting. A total of 320 individuals was used in the parental generation. Of these, 160 were treated with UV. Specifically, 60 randomly chosen plants were treated with UV during the vegetative stage, 60 were treated during the reproductive stage, 20 were treated during both the vegetative and reproductive stages and 20 were treated during pollen release (i.e., the pollen was treated following the opening of the anther). The 160 plants that were not treated with UV were used as controls. Treated and control individuals were randomly assigned to undergo autonomous self-pollination (n ϭ 80), for the preliminary analysis, or manual crossing (n ϭ 240, Fig. 1 ). Manual crosses were conducted between the controls and pollen and maternal parents from the vegetative, reproductive and mature pollen treatments to produce the F 1 generation. Manual crosses were also conducted among the controls to account for any effect of emasculation on progeny fitness. For both the preliminary analysis and manual crosses, the F 1 generation subsequently underwent autonomous self-pollination to form the F 2 generation. Each individual in the parental generation was used only once, and thus all crosses were independent.
Offspring Measurements and Analysis. Seeds comprising the F 1 generation for both the UV-C and UV-B treatments were sown in the growth room that was used for UV-C treatments. The seeds were placed in trays, each containing 24 pots. For the preliminary analysis, each tray contained six offspring from a single randomly chosen parent from the vegetative treatment, the reproductive treatment, the vegetative plus reproductive treatment and from the controls (four types of treatments per tray). Six seeds of each parent per treatment were randomly placed among the pots and trays were randomly positioned on the bench. For the manually crossed plants, each tray contained 4 seeds per parent plant per cross type (six types of crosses per tray, see Fig. 1 ). Following self-pollination the seeds produced by the F 1 individuals were collected and these comprised the F 2 generation. One seed was randomly chosen per individual and was sown as described for the F 1 generation, with one parent (i.e., from the parental generation) per tray. For the F 1 and F 2 generation there were 480 individuals for the preliminary analysis and for the manual crosses, for each UV-type. On maturity, measurements were taken of the seed number per flower (averaged over three flowers) and the number of flowers per individual for both F 1 and F 2 . Total fitness for each individual was determined as the number of flowers ϫ the average number of seeds per flower. The mean total fitness was determined for each treatment per parent or grandparent for the F 1 and for F 2 generations, respectively. A separate analysis was conducted for each combination of UV-type (UV-B and UV-C) and each generation category (the F 1 and F 2 generations). For the preliminary analysis, we conducted a one-way ANOVA with four treatment categories (control, vegetative stage, reproductive stage, and both vegetative and reproductive stages) by using the mean fitness for each parent within a tray (maximum n ϭ 20 parents per treatment type per tray). For the manual crosses, a one-way ANOVA was conducted by using the six treatment categories that were based on the timing of UV-application and the sex of the UV-exposed parent (i.e., control, maternal parentvegetative stage, maternal parent-reproductive stage, pollen parent-vegetative stage, pollen parent-reproductive stage, and mature pollen) by using the mean fitness for each treatment type within a tray. Pairwise comparisons of treatments were conducted by using Tukey post hoc tests (30) .
Calculation of the Sperm-to-Egg Mutation Transmission Ratio. The sperm-to-egg mutation transmission ratio was estimated by using fitness data from the F 2 generation. When proportional reductions in fitness combine in a multiplicative fashion across loci, as appears reasonable (31, 32) , the relative fitness of an individual with i heterozygous and j homozygous mutations is w ϭ (1 Ϫ hs)
where h is the dominance coefficient of mutant alleles, and s is the selection coefficient against a homozygous mutant locus (e.g., ref. 33). Although the F 2 was produced by selffertilization of the F 1 , in which any new mutations were presumably heterozygous, the number of heterozygous (i) and homozygous (j) mutations in the F 2 was unknown. We therefore treated relative fitnesses in the F 2 as w ϭ (1 Ϫ hs)
and is therefore a measure of the geometric mean relative fitness based on the two types of loci. It is thus straightforward to calculate the sperm-to-egg mutation transmission ratio as
where w k is the mean absolute fitness of treatment k. This ratio was calculated for both the vegetative and reproductive treatments within each UV type for cases where mean control Ͼ mean maternal treatment Ͼ mean paternal treatment. Confidence intervals (95%) were estimated for the mean and median by using a bootstrap program written in Mathematica (34) . For each treatment (control, treated maternal, treated paternal) F 2 individuals were randomly resampled with replacement within trays, and the mean (or median) was obtained. The mean and median over trays were then used in the male-bias ratio, and the procedure was iterated 10,000 times.
Results
The preliminary analysis was conducted to assess whether there was a detectable effect of deleterious mutations on the progeny in A. thaliana. Fitness of the F 1 and the F 2 generation produced from UV-B and UV-C exposed parents differed among treatment categories (one-way ANOVAs, Table 1 ). Specifically, the fitness of the vegetative, the reproductive and the vegetative plus reproductive treatments were each statistically significantly lower than the controls (Table 2) . No statistically significant differences were detected between the vegetative, reproductive, and the vegetative plus reproductive treatments for either the F 1 or F 2 generation. For the manual crosses, total fitness of the F 1 generation differed among the six treatment categories for the UV-B but not for the UV-C exposures (one-way ANOVAs, Table 1 ). Only two of the pairwise comparisons were near statistical significance, however, namely the vegetative UV-B treatment of pollen parents and of mature pollen were lower than the controls (Table  3 ). In contrast, for the F 2 generation, mean fitness differed among treatment categories for both UV-B and UV-C (Table 1) , and many pairwise differences were evident (Table 3) . Specifically, the mean fitness was statistically significantly lower for the progeny produced by UV-treated pollen parents than by treated maternal parents for both the vegetative and the reproductive treatments with UV-C and with UV-B (Table 3) . Mean fitness of the UV-B and UV-C vegetative and reproductive treatments was statistically significantly lower for pollen parents than for the controls. No statistically significant differences, in contrast, were detected between the controls and the UV-treated maternal parents. Several differences were detected involving the treatment of mature pollen. The fitness of progeny produced from UV-B mature pollen was statistically significantly lower than the controls (Table 3 ). In addition, UV-B exposed mature pollen produced less fit F 2 progeny than the maternal parents treated during the reproductive stage. Overall, the pattern of significant treatment effects is similar in the UV-B and UV-C experiments. The sperm-to-egg mutation transmission ratio (and the 95% confidence interval; CI), calculated by using mean fitnesses of the F 2 generation was 7.5 (CI, Ϫ67 to 70) for the UV-B vegetative treatment and 25 (CI, Ϫ251 to 270) for the reproductive treatment. When median fitnesses were used, the ratios were 5.0 (CI, 1.7 to 9.0) for the UV-B vegetative treatments and 11.1 (CI, Ϫ162 to 190) for the reproductive treatment. Ratios were not calculable for the UV-C treatments.
Discussion
Preliminary Analysis. For the preliminary analysis, we exposed parent plants to UV-B or UV-C during different stages of development, specifically the vegetative stage, the reproductive stage, or both (Fig. 1) . Individuals thus became ϩ͞Ϫ at certain loci for each individual, where ''ϩ͞Ϫ'' denotes the wild type and ''Ϫ'' represents the mutant allele. Subsequently, all parental individuals underwent autonomous self-pollination to form the F 1 generation, which, on maturity, underwent self-pollination to form the F 2 generation. Accordingly, the predicted genotypic frequencies for any locus experiencing mutation were Ϸ1͞4 ϩ͞ϩ, 1͞4 Ϫ͞Ϫ, and 1͞2 ϩ͞Ϫ for the F 1 generation and Ϸ3͞8 ϩ͞ϩ, 3͞8 Ϫ͞Ϫ, and 1͞4 Ϫ͞m for the F 2 generation. That we found statistically significantly lower fitness, measured as total seed production, for the F 2 generation produced from plants treated during each developmental stage relative to the controls (Table 2) indicates that a detectable level of deleterious mutations induced in the parental generation were transmitted to the progeny, such that the main analysis using manual crosses could be conducted.
Fitness of Progeny of Pollen Versus Maternal Parents.
We manually crossed UV-treated parents with untreated plants to form the F 1 generation, which underwent autonomous self-pollination to form the F 2 generation. The estimated genotypes for any mutant locus in the F 1 generation were thus entirely ϩ͞Ϫ and were Ϸ1͞4 ϩ͞ϩ, 1͞4 Ϫ͞Ϫ and 1͞2 ϩ͞Ϫ in the F 2 generation. The data from the F 2 generation, containing some homozygous mutants and minimal͞no residual physiological effects from the UV exposures, demonstrate that more deleterious mutations were transmitted to the progeny by sperm than by eggs. For the UV-C and the UV-B treatments, the mean total fitness was statistically significantly lower for F 2 progeny of exposed pollen parents than the maternal parents, for both the vegetative and reproductive treatments (Table 3 ). In fact, the fitness of progeny of UVtreated pollen parents was statistically significantly lower than maternal parents in all pairwise comparisons, even when the timing of UV application differed. The finding of statistically significantly lower fitness of the progeny of UV-treated pollen parents than UV-treated maternal parents for the vegetative treatment indicates, remarkably, that more somatic mutations, which arose long before sexual differentiation, and even before formation of the reproductive apex, are transmitted to offspring by the sperm than the eggs. Further supporting evidence for sperm-biased transmission of mutations includes the statistically significantly lower total fitness of the F 2 generation produced from UV-B-and UV-C-treated pollen parents than the controls (Table 3 ). In addition, the fitness of progeny produced by UV-B-treated mature pollen was statistically significantly lower than the maternal parents that were UV-treated during the reproductive stage as well as the controls. That the results were consistent for the UV-B and UV-C exposures strengthen the results beyond those which would have been possible by using only a single UV type. Although the fitness differences show evidence that male-bias exists in these plants, the magnitude of this effect is less certain. This is largely because the sperm-to-egg mutation transmission ratios were estimated by using the ratio of the logarithm of two ratios (and thus have large errors). We used mean fitnesses to estimate the sperm-to-egg mutation transmission ratio for the F 2 generation as between 7.5 (95% CI, Ϫ35 to 79) and 25 (95% CI, Ϫ17 to 375) for the UV-B treatments. Use of median fitness, however, gave less variable results: the transmission bias ratio was 5.0 (CI, 1.7 to 9.0), which excludes unity, for the UV-B vegetative treatment and was 11.1 (CI, Ϫ162 to 190) for the reproductive treatment. The ratios were not calculable for UV-C because the mean fitness of the controls in the F 2 generation was smaller than the female treatments, largely resulting from unusually low control values in two trays. It is probable that larger sample sizes within each treatment would have allowed calculation of the ratios for the UV-C treatments and narrowed each of the confidence intervals for UV-B treatments to exclude unity (we maintained Ϸ1,900 plants per generation, the maximum permitted in our growth facilities). Nevertheless, it is notable that the estimates of the sperm-to-egg mutation ratio, of between 5 and 25, are consistent with the sex-specific mutation ratios predicted by using male-and female-inherited mitochondrial and chloroplastidial DNA sequences in gymnosperms (15) , which were between 2 and 10. One would not necessarily expect these ratios to be similar, however, because, in the gymnosperm study, the sperm-to-egg mutation ratio represents naturally occurring and selectively neutral mutations, whereas in the present study it represents the transmission of induced deleterious mutations to progeny. Further study will be needed to narrow the confidence intervals of the sperm-to-egg mutation transmission ratio of deleterious mutations in plants.
Our results indicate that the differential transfer of mutations largely involves nuclear genes, for the following reason. Because mitochondrial and chloroplastidial DNA is maternally inherited in A. thaliana, UV-induced mutations in these organelles would reduce fitness in the F 2 progeny of UV-treated maternal parents. We observed, however, that the fitness of the F 2 generation produced by UV-treated maternal parents was higher than for UV-treated pollen parents, despite the effects of any deleterious mutations in the organellar DNA. This suggests that more mutations in nuclear genes are transmitted by the sperm than the eggs. This result for nonneutral, nuclear mutations thus extends the previous findings that sperm transmit more selectively neutral chloroplastidial and mitochondrial mutations to progeny in plants (15) . Further study is needed to determine whether different levels of deleterious mutations in the chloroplastidial and mitochondrial DNA are transmitted by the sperm than the eggs.
What Causes Male-Biased Mutation Transmission? There are at least four plausible explanations for the increased transmission of deleterious mutations through sperm than egg. First, fewer UV-induced somatic mutations may be removed by cell lineage selection (selection against mutant diploid cells during development, ref. 35 ) for a sperm than for an egg. Second, the egg (or megagametophyte) may experience stronger selection than the sperm (or pollen). Third, there may be no difference in mutation number, but rather the deleterious mutations have greater effect on progeny produced by mutant sperm than mutant eggs. Although this could partially explain a sex-specific bias in the F 1 generation, it is an unlikely explanation for our results because a mutation in the F 2 generation, which we examined, would have the same effect regardless of whether it was inherited from a sperm or from an egg. Fourth, it is possible that UV radiation has different physiological effects on sperm and egg production, causing a different number of mutations to arise during gametogenesis. This also seems unlikely, because the results were consistent for two kinds of UV radiation that were applied well before gametogenesis, at different stages of development. It therefore appears most likely that the sperm transmission bias is caused either by greater cell lineage selection or stronger selection at the gametophyte stage for an egg than for a sperm.
